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Abstract-In a compact power electronics systems such as 
converters, thermal interaction between components is inevitable. 
Traditional RC lumped modelling method does not take that into 
account and this would cause inaccuracy in the predicted 
temperature in the components of the systems. In this work, 
numerical simulation have been used to obtain detailed 
temperature distribution in power devices and the parameters for 
a Foster network behavior thermal model are extracted so that the 
thermal interaction can be accounted for and the model can be 
used to predict temperatures at all critical layers of the 
components. An ad-hoc conventional three-phase voltage source 
inverter (DC to AC converter) with a rating of 7.8 KW has been 
studied in this work as an example of the application of the 
proposed framework. The key component in the converter is a 
75A11200V rated IGBT module. A power electronics circuit 
simulator is used to predict the power losses in the IGBT module 
and a Finite Element Analysis software is used to obtain the 
transient temperature profile in the module and the behaviour 
thermal model parameters are extracted using curve-fit approach. 
The resulting combined electro-thermal model is analysed using 
the circuit simulator again to obtain the temperature for various 
loading conditions. The results show that the proposed method can 
significantly improve the accuracy of predicted temperatures in 
the IGBT modules. 
Keywords-Electro thermal model, inverter, [GBT, power module,
circuit simulator, finite element analysis, power electronics 
I. INTRODUCTION 
Power Electronic converters that contain multichip power 
modules are widely used in applications such as hybrid electric 
vehicles and wind power energy conversion. In many 
applications converters are required to operate efficiently and 
reliably in harsh environment and under very high 
current/voltage loading [1]- [2]. Significant improvement in 
semiconductor technology has accelerated the increase in the 
power handling/processing ability of converters but the design, 
manufacturing, and application of these converters have met 
some challenges. One of the most important challenges is to 
meet the stringent reliability requirements for power electronics 
semiconductor devices such as IGBT (Insulated Gate Bipolar 
Transistor) modules. Because of the high power density, great 
time-varying losses are produced in power semiconductor 
devices and that results in high temperature and degradation in 
the devices [3]. The failure modes in IGBT modules include 
bond-wire lift off and solder fatigue [4] and the modules' 
lifetime is mainly determined by the junction temperature. 
Therefore, detailed knowledge about the temperature in power 
electronic components under application loading conditions is 
important in power module reliability prediction and in 
improving the design of the modules. There are several 
commonly used methods in thermal analysis. These include the 
Computational Fluid Dynamics (CFD), Finite Element 
Analysis (FE A), Finite Difference, analytic approach, and 
lumped parameter equivalent thermal resistor-capacitor (RC) 
network approach. The numerical methods such as FEA [5]- [6] 
and CFD [7] can provide accurate spatial temperature 
distribution but it is time-consuming and it is therefore not 
suitable for predicting temperature for the long time-varying 
load profiles. The analytical approach is based on solving 
partial differential equations using Fourier series [8]- [10]. It is 
accurate and fast but it can only be used for solving heat 
conduction in simple geometries and it can't model the heat 
convection between the heat sink and coolant accurately. 
In the lumped parameter RC network method, the heat 
transfer process is represented by a circuit that consists of 
thermal resistors, capacitors and heat sources [11]. The thermal 
circuits are easy to implement and can be analysed using circuit 
simulators that are nonnally used for solving electric circuit 
problems. The present form of this method, however, cannot 
solve complex problems such as the heat transfer in multichip 
power modules [12]. Another issue of the method is that the 
parameters in the lumped parameter model are usually derived 
from manufacturer's data and they are not temperature 
dependent. Furthennore the method does not take into account 
of thermal coupling between components or the thermal 
spreading effect. On top of those issues, manufacturer's data are 
based on certain boundary conditions which may differ in real 
converter design applications. These issues affect the prediction 
accuracy, particularly in cases where temperature variations are 
great (e.g. from room temperature to hundreds of degrees). This 
inaccuracy in temperature prediction will affect reliability 
analysis/estimation of converters because the junction 
temperature is the most critical factor in the perfonnance of 
power module reliability. 
In this paper an improved electro-thermal modelling method 
has been proposed for accurate temperature prediction in IGBT 
modules. Finite Element Analysis is used to solve time 
dependent heat transfer in the power modules and the results are 
used to obtain refined parameters for the construction of RC 
Foster thermal network. By using this method, thermal coupling 
between critical layers of components can also be taken into 
account and therefore the temperature prediction accuracy can 
be improved. The RC Foster network can be analyzed using a 
circuit simulator PLECS [13].An IGBT power module with two 
diodes and two IGBTs has been analysed in order to 
demonstrate the application of the proposed methodology. The 
IGBT is assumed to be a component in conventional three­
phase voltage source DC to AC inverter with a rating of 7.8 
KW. 
II. THE METHODOLOGY 
A. Modelling Framework 
The proposed modelling framework is shown in Fig. 1. A
circuit simulator is used to simulate the current/voltage and the 
electrical losses in the converter for the given converter 
topology and the prescribed load profile. Together with the 
details of the IGBT module, the losses are fed into an FEM 
software to calculate the time-dependent temperature 
distribution in the module and this is then used for the extraction 
of the Foster thermal network parameters. The power losses can 
also be estimated using simple power loss models [12]. The 
thermal network can be analysed using a circuit simulator to 
predict the temperatures at a number of locations of interest in 
the IGBT module. 
Fig. 1. Electro-thermal modelling method 
B. System configuration and basics of the modelling 
The IGBT module is assumed to be Semikron's 
SKM7SGB123D [14] which has a rating of 1200V!7SA. There 
are two IGBT devices and two antiparallel diodes forming a half 
bridge configuration. To construct the three-phase voltage 
source DC to AC inverter, three half bridge modules are 
required but in this work, only one IGBT module has been 
analyzed. In a SKM7SGB 123D IGBT module, both IGBT chips 
are soldered to a Direct Bond Copper (DBC) substrate and a 
thermal interface material (e.g. thermal grease) is applied 
between the baseplate and the heatsink to improve physical 
integrity and heat transfer. A schematic of the cross-sectional 
of an IGBT module is shown in Fig. 2, and the material 
properties are listed in Table I. 
Fig. 2. Simplified Cross-sectional view of IGBT module: SKM75GB 1230 
Table I IGBT Module material properties and dimension details [14] 
Material Volume, Density, Specific Thermal 
L*W*t kg/m3 heat Conductivity, 
(mm3) capacity, W/(m.K)
Jf 
(kg.K) 
IGBTs 9*9*0.4 2329 700 140 
(Si) 
Diodes 6*6*0.4 2329 700 140 
(SO 
Solderl As 0.053 As chips 35 
chips*0.053 
Copper 28*25*0.35 8700 385 360 
layerl 
Ceramic 30*27*0.636 3260 740 100 
(AI203) Copper 28*25*0.35 8700 385 360 
layer2 
Solder2 28*25 *0. 103 9000 150 35 
Baseplate 91*31*3 8700 385 280 
(Cu)
Thermal 91 *31 *0.1 1180 1044 I 
grease 
C. Modelling of thermal interaction 
An IGBT and a diode in the IGBT module are represented
by a thermal network, and the other IGBTs and diodes are 
assumed to be inactive for simplicity. The thermal network 
consists of some third order RC pairs to represent the heat 
transfer behaviours of each material layer between two nodes. 
It also contain the heat sources that represent the power losses 
in the IGBT and the diode. The nodes of the network correspond 
to the critical material interfaces. 
To extract the parameters for the RC pairs, the thermal 
impedance of each layer between two nodes is required. These 
can be extracted from FEA thermal modelling of the IGBT 
module. The thermal parameter extraction process based on 
FEA derived time-dependent temperature responses has been 
demonstrated in [IS, 16]. The process uses the transformed 
thermal impedance responses. Two FEA simulations have been 
performed to obtain the thermal responses due to self-heating 
and cross-heating in the IGBT-diode pair. In the fust 
simulation, only the IGBT is active and in the second only the 
diode is active. From the results, the self-heating and cross­
heating thermal impedance response curves at selected thermal 
network nodes are derived. These selected nodes correspond to 
the locations at the centres of the selected material interfaces as 
well as the top and bottom of the whole structure. The nodes 
that correspond the top of the chip, the interface of chip and 
chip solder, the interface of substrate solder and baseplate, the 
bottom of the baseplate are denoted by letters 'p', 'q', 'r', 's'
respectively (Fig.3). Lower subscript 'f' and 'D' denote the
IGBT and diode respectively. In the following, the upper 
subscript 'j' , 'cs' , 'bs', 'b' respectively denote the junction,
chip solder, baseplate solder, and the baseplate layers 
respectively, and the temperatures at these selected locations for 
the IGBT and diode are '0/ p' '0 Dp , Tcs 1q' Tcs Dq , Tbs/ n Tbs Dn 
Tb ls , and Tb Ds respectively.
D. Thermal Interaction Model 
In matrix form, the relationship between power losses and
the IGBT and diode temperatures can be written as 
T [ selfj-I Zthl ['0-01 = Zcross thD-1 z
cross ] P T t
���
D * [ losses-I ] + [ a]Z f Plosses-D Ta thD (1) 
where, '0-1 and '0-D are the junction temperature in IGBT
and diode respectively, Z��Y and Z��:! are the total self-heating
thermal impedance of the IGBT and diode respectively, Zih7!.t
and ZihgS:1 are the total cross-heating thermal impedance of
IGBT-diode and diode-IGBT respectively, and Plosses-I and
Plosses-D are the losses in IGBT and diode respectively and Ta 
is the ambient temperature. 
The self-heating impedances of the IGBT and the diode can 
be expressed by Eqs. 2 & 3, and the cross-coupling impedances 
are expressed by Eqs. 4 & 5. The meanings of the impedances 
are explained in Fig. 3 and Table II. 
Fig. 3. The totallGBT self-heating and diode cross-heating thermal impedances 
and the impedances for the material layers. 
T bl II Th a e erma b I I . d llllpe ance sym 0 s.
Symbols 
j-cs j-csZthl ,ZthD 
Zi�/ b S , Zi�D b S 
Zf�/
-b, Zf�D
b
Zfh
-
/' Zfh
-
D
h
j-cs j-cs Zthl-D' ZthD-1 
Meaning 
Self-heating impedance of lGBT and Diode between 
junction and chip solder 
Self-heating impedance of lGBT and Diode between 
chip solder and baseplate solder 
Self-heating impedance of IGBT and Diode between 
baseplate solder and baseplate 
Self-heating impedance oflGBT and Diode between 
baseplate and heatsink 
Cross-heating impedance of lGBT -Diode and Diode-
IGBT between junction and chip solder 
zi�/!g, Zi�D�] Cross-heating impedance of TGBT-Diode and Diode-IGBT between chip solder and baseplate solder 
Zf�/ __ bD' Zf�D�1 Cross-heating impedance of TGBT-Diode and Diode-TGBT between baseplate solder and baseplate 
zfhl�D' Zfh
-
D
h
_1 Cross-heating impedance of IGBT -Diode and Diode-TGBT between baseplate and heatsink 
The extraction of RC network parameters from derived 
transient thermal impedance responses are described in details 
in the following sections. 
III. FOSTER THERMAL NETWORK PARAMETERS 
A. FEA thermal analysis 
In order to extract the thermal impedance values at selected
layers, two transient FEA simulations have been carried out in 
which the power loss of either the IGBT or the diode is used as 
the only heat source. The power loss values are II OW and 60W
for the IGBT and the diode respectively [12] and they are 
applied at the top surface of the IGBT/diode chips. It is assumed 
that the module is mounted on a liquid-cooled cold-plate and in 
this simulation a convective heat transfer boundary condition is 
applied at the bottom of the baseplate and the heat transfer
coefficient and the ambient temperature are 3000 W /(m2 K)
and 20°C respectively. 
The temperature distributions at t= I OOs simulation time and
the transient responses at selected locations from the two 
simulations are shown in Fig. 4. It is worth pointing out that 
there is a delay for the cross-heating impedances at the 
beginning. That is because the chips share the same substrate as 
the baseplate, and it takes time for the heat to spread/propagate 
from one chip to the other. The temperature responses are 
converted to thermal impedance curves using Eqs. 6 & 7. 
Zself TmC
t)-TnCt) (6) thCm-n) Pself 
Zcross -
TmCt)-TnCt) (7) thCm-n) Pself 
where 'm', & 'n " respectively corresponds to any two 
consecutive nodes. 
B. Thermal Parameter extraction 
By fitting the step response equation (Eq.8) to the transient
thermal impedance curves, 3rd order thermal equivalent Foster 
RC pair parameters can be obtained. Particle Swam 
Optimization curve fitting algorithm [17] has been used to fit 
Eq. 8 to the impedance data. 
-t 
Zth (t) = Li Rthi 
* (1 - eRthi*Cthi) (8) 
where, R thi & C thi respectively corresponds to thermal
resistance and thermal capacitance at the ith term. 
𝑍𝑡ℎ𝐼
𝑠𝑒𝑙𝑓 =  𝑍𝑡ℎ𝐼
𝑗−𝑐𝑠 + 𝑍𝑡ℎ𝐼
𝑐𝑠−𝑏𝑠 + 𝑍𝑡ℎ𝐼
𝑏𝑠−𝑏 +  𝑍𝑡ℎ𝐼
𝑏−ℎ  (2) 
𝑍𝑡ℎ𝐷
𝑠𝑒𝑙𝑓 =  𝑍𝑡ℎ𝐷
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𝑐𝑠−𝑏𝑠 + 𝑍𝑡ℎ𝐼−𝐷
𝑏𝑠−𝑏 +  𝑍𝑡ℎ𝐼−𝐷
𝑏−ℎ  (4) 
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Fig. 4. (a) Temperature distribution at t=1 OOs. A power loss of I IOW is applied 
to the IGBT chip (b) Temperature distribution at t= IOOs. A power loss of 60W 
is applied to the Diode chip (c) Transient temperature response of IGBT (d) 
Transient temperature response of Diode. In ( c), the temperature curves for 
Junction-Diode, solder-diode, Baseplate-solder-diode, and the baseplate-diode 
almost overlap each other. In (d), the temperature curves for Junction-IGBT, 
Solder-IGBT, Baseplate-solder-IGBT, and the baseplate-IGBT almost overlap 
each other. 
The analysis of thermal coupling has been carried out using 
a simplified thermal network in which, the cross-heating 
network is modelled using the nodes at the junction and at the 
heatsink only and the RC pairs for this network are extracted to 
 
represent all the layers between the two nodes. The extracted 
parameters are listed in Tables III-VI. 
T bl III F a e . -oster networ k RC P  arameters fi IGBT S If h or e - eatmg 
Layer R&C I 2 3 
Junction- R'hi'oC/W 0.0264 0.0023 0.0109 
Solder C'hi,IrC 1.13e-34 40.86 0.4713 
Solder-DBC R'hi'oC/W 0.0114 0.0794 0.1708 
solder C'hi,IrC 112.37 0.2118 .4804 
DBC solder- R'hi'oC/W .0038 6.36e-20 0.0277 
Baseplate C'hi,JrC 1.0348e3 0.08 4.44 
Baseplate- R'hi'oC/W 0.0973 0.1731 0.0241 
heats ink C'hi,IrC 5.7464 22.67 435.15 
Table IV. Foster network RC Parameters for diode cross-heating 
Layer R&C I 2 3 
Junction- R'hi'oC/W 0.0087 2. I 7e-47 0.166 
heats ink C,hi,JrC 2.0ge3 1.5e-27 25.97 
Table V Foster network RC Parameters for diode self-heating impedance 
Layer R&C I 2 3 
Junction- R'hi'oC/W 0.0032 0.0593 0.0248 
Solder C'h;,IrC 29.55 8.17e-15 0.2075 
Solder-DBC R ,oC/W 0.1081 0.2131 0.1123 
solder C'hi,IrC 0.1011 0.1753 1.2524 
DBC solder- R'hi'oC/W 0.0043 2.5Ie-19 0.08 
Baseplate C'hi,IrC 902.18 0.0857 1.26 
Baseplate- R'hi'oC/W 3.357e-19 0.1645 0.1275 
heats ink C'hi,IrC 1.52e-IO  28.33 4.2 
Table VI Foster network RC Parameters for diode cross-heating impedance 
Layer R&C I 2 3 
Junction- R'hi'oC/W 0.1593 0.0062 0.0042 
heats ink C ,JrC 29.1 743.8 6.93e3 
IV. ANAL YSIS OF AN IGBT-DIODE PAIR IN AN INVERTER 
A. Electro-Thermal Model of an Inverter 
The method detailed above has been used to analyse the
thermal behaviours of an IGBT -diode pair in an IGBT module 
that is used in a conventional three-phase voltage source 
inverter. Fig. 5 illustrates the converter electrical circuit that is 
coupled to the thermal network circuit for the IGBT-diode pair. 
For the calculation of the power dissipations in the IGBT 
module, the parameters, equations and look-up tables for the 
modelling of the converter are adapted from the manufacturer's 
datasheet [14]. For modelling the conduction losses in the 
IGBT, VCE (the voltage drop in the device) has been
approximated as a function of the collector current Ic. For the 
conduction loss calculation in the diode, the forward voltage 
drop has been represented as a function of the forward current. 
To take into account of the temperature dependency of the 
losses in the IGBT device, multiple loss-surfaces for a range of 
different operating temperatures are included in the form of a 
look-up table [18]. The temperature dependent switching losses 
in the IGBT and the diode are also included. Fig. 6 shows the 
predicted loss profiles in the IGBT and the diode. 
For the thermal analysis, the parameters in Tables III-VI are 
used in the thermal network circuit model which is shown in 
Fig. 7. For the IGBT (or diode), the circuit consist of four 
branches of 3rd order RC Foster cells that are connected in
(a) 
(b) 
(c) 
(d)
series. The thennal branches correspond to the junction to 
solder, chip solder to baseplate solder, baseplate solder to 
baseplate and the baseplate to heatsink thermal impedance 
respectively. The cross-heating has been represented by a 3rd 
order RC Foster cell for the junction to heats ink impedance. As 
shown in Eq. 1, the total junction temperature of the IGBT or 
the diode consists of the contribution from self-heating, cross­
heating, and the ambient temperature. 
Fig. 5. Coupled Electro-Ihennal network circuit for a converter. 
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Fig. 6. Average loss profiles of 1GB I & Diode 
Fig. 7. Ihermal network including the thermal coupling between TGBI and 
diode 
B. Thermal coupling effect analysis 
Pulsed power loss profiles of 50Hz for the IGBT and diode
in the IGBT module in the above mentioned power inverter 
have been generated using PLECS. These profiles are then used 
in the power module thennal network circuit for the analysis of 
the thermal coupling effect between the IGBT and the diode. 
The thermal circuit has also been analyzed using PLECS and 
total simulation time is 25s. 
Three cases have been analyzed. In the first case, the 
thennal network RC parameters are derived from FEA 
simulation using temperature-dependent properties. In the 
second case, the RC parameters are derived from FEA 
simulation using properties that are not dependent on the 
temperature. In both these two cases, the cross heating 
impedance terms are included in the IGBT thermal network 
model. In the third case, the RC parameters do not contain 
cross-heating thermal impedance terms. 
Fig. 8 shows the IGBT and diode junction temperatures for 
the three cases for the time period between 17 and 17.2 s 
simulation time when steady state has been reached. It can be 
seen in Fig. 8(a), the IGBT junction temperatures for case 1 
and 2 differ by about 1.3 DC, and case 1 and 3 differ by about 
3.8°C. This shows that both thermal coupling and nonlinearity 
of material properties affect the temperature predictions but 
thennal coupling has a much greater effect. Fig. 8(b) shows the 
junction temperature of the diode. Once again, the effects of 
material property and thennal coupling are significant. 
However, the temperature difference between case 1 and 3 is 
about 9.2°C, which is much greater than for the IGBT. The 
temperature profile in case 1 is consistent with FEA thermal 
analysis results and it can be concluded that by taking into 
account of thermal coupling and by extracting RC parameters 
from FEA thermal analysis results j unction temperatures can be 
predicted more accurately than using lumped parameter thermal 
network model alone. 
In this work, FEA is used to extract the RC parameters only 
and any further thermal analysis of the power module will make 
use of circuit simulator only and it is relatively easy and fast. 
For example, in this work, the thermal network circuit can be 
solved in just lOs on a desktop PC using PLECS while the FEA 
thermal analysis takes over an hour. Therefore, the presented 
method is applicable for analysing long mission profiles. 
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····Case2 
-�Case3 
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Fig. 8. The IGBT and diode junction temperature functions in (a) and (b) 
respectively. 
V. CONCLUSIONS 
The accuracy of temperature prediction in power modules 
using lumped parameter method can be improved if the 
interaction of the active devices is included and if the RC pair 
parameters are extracted from detailed FEA simulations. The 
improvement is more prominent for the diode temperature 
prediction in the inverter example that has been analysed in this 
work because the power dissipation in the IGBT is much higher 
than in the diode. By exploiting the accuracy of FEA and the 
speed of lumped parameter thermal network method, the 
proposed modelling framework is more accurate than the latter 
and faster than the former. This method is believed to be 
suitable for modelling the transient temperature response and 
the reliability of power devices. 
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